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ABSTRACT 



Under certain conditions an anomalous mode exists in a medium pressure 
argon glow direct current discharge in which the entire positive column 
oscillates between minimiim and maximum light intensity with a correspond- 
ing oscillation in voltage across the tube of very large amplitude. The 
conditions required to obtain the anomalous mode which proved to be a re- 
laxation type oscillation vjere investigated and its characteristics ascer- 
tained. 

Discharge times of the order of 10"^ seconds were obtained without 
using microwave techniques or equipment. An analysis was then made of the 
afterglovj in argon at pressures between tw'o and twenty mm of Hg. Al’ter- 
glow decay processes appeared to follow those formulated by other investi- 
gators in that the decay processes were dependent upon the mode of external 
excitation of the gas and the gas pressure. 

The writers wish to express their sincere thanks to Dr. N. L. Oleson 
for his keen interest and helpful guidance in the conduction of this 
investigation. 
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INTRODUCTION 

During the investigation of moving and standing striations in the 
positive column of an argon glow discharge /l/, plate resistances of the 
order of one megohm were placed in the circuit to complete the operating 
envelope of the tube. With these large resistances all normal modes were 
observed, but in addition there was an anomalous mode at low values of 
current (O.ii to 2.k Ma) . 

The anomalous mode differed from the normal modes in two major 
aspects. First, peak to peak voltage oscillations across the tube in- 
creased from the order to iiO volts to the order of $00 volts. Second, 
striations previously termed moving (with velocities of aoout 200 meters 
per second) appeared in this mode to be pulsating or if moving to have 
velocities greater than 25,000 meters per second, the upper limit of the 
velocity measuring equipment. Reported evidence of previous observations 
of this anomalous mode could not be found. 

In analyzing the anomalous mode, it was first necessary to determine 
its parameters: argon pressure, plate resistance, circuit capacitance, 

and electrode combination. Following this analysis an attempt was made 
to correlate the data obtained on discharge afterglow with that published 
by other investigators in this field. The variations of electron density 
as a function of time, mean electron decay time, and the increase in light 
intensity approximately 500 microseconds after end of discharge were of 
great enough significance to warrant an analysis. 
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APPARATUS AND EXPEHLlENTAL TECHNIQUES 



1. General 

The apparatus employed in this study was originally designed by 
Dr. N. L. Oleson of the United States Naval Postgraduate School and built 
by Mr. I. C. Dumas of the Stanford Research Institute. It is the same as 
that used by McDonnel and Sherman at the U. S. Naval Postgraduate 
School with the exception of the optical system. Fig. 1 is an overall 
schematic of the experimental set-up. Individual sections of the expert- 
mental set-up are discussed in the following paragraphs. 

2. Discharge tube 

Details of the discharge tube used throughout the study are shown in 
Fig. 2. A notable feature is the availability of several possible cathode- 
anode combinations. The molybdenum electrode consisted of an arrangement 
of four fins with an area of about 6$ cra^. The zirconiiim electrodes were 
solid right cylinders with an area of about 5 cm"^. The tube was mounted 
horizontally and connected through an Alpert valve to a high vacuum 
system. 

3. Vacuum and filling system 

The vacuum system, as shown in Fig. 3» was simple in construction and 

-6 

provided an ultimate vacuum of 7 x 10 mm of Hg as measured with a VG-IA 
ion tube and T^tg DPA-38 ionization gauge, manufactured by Consolidated 
Vacuum Corporation. Filling with argon was accomplished in the manner 
evident from an inspection of Fig. 3 with the desired operating pressure 
observed on an oil manometer. 
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FIGURE 1 

Overall Schematic Diagram of the Experimental Set-up 
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FIGURE 3 

Schetiatlc Diagram of Vacuum System 
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Considerable time and effort were expended to insure that the system 
■was free from impurities. The folio-wing considerations and techniques 
were employed: 

a. All glass stopcocks were lubricated with Apiezon N vrhich has a 

-8 _o 

vapor pressure of 10 to 10 mm of Hg at room temperature. 

b. The manometer and the diffusion pump were filled with Octoil-S 

-9 

which has a vapor pressure of 5 x 10 mm of Hg at roora temperature. 

c. The discharge tube, the Alpert valve, and the glass tubing in- 
cluding the liquid air trap were degassed by baking for five hours 
at ii0O° C. 

d. All electrodes were degassed by use of an induction heater for 
twenty minutes each followed by positive ion bombardment in the 
presence of argon. 

e. The entire system was flamed using normal techniques. 

f. Linde high purity (1:10^) mass spectrometer controlled argon 
gas was fed through a liquid air trap at a very low rate to the dis- 
charge tube. 

g. The discharge tube was isolated from the remainder of the system 
by means of an Alpert valve, as previously stated, and the remainder 
of the system maintained at high vacu’um. 

Ij, Optical system 

Light from any point in the horizontal portion of the tuoe could be 
focused on the first photomultiplier tube mounted on the movable trolley 
on the optical rack and pinion carriage. The second photomultiplier tube 
could be permanently mounted at any given point along the horizontal col- 
umn. The output of both pinotomultiplier tubes could be displayed on a dual- 
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FIGURE li 

Sketch of optical system with photomultiplier circuit diagram. 
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beam oscilloscope, as could the voltage across the tube and the current 
through it. Thus a coincidence technique could be used to determine the 
velocity of any moving striations if such were present. Measurement of 
velocity up to 10^ meters per second was possible with this technique. 

Fig. U is a sketch of the optical system and a cix'cuit diagram of t!ie 
photomultiplier. 

Oscilloscope photography was accomplished with an oscilloscope record 
camera, type 299 using type i+Ii and ty]^e UoL film. 

9 , Circuitry and Instrumentation 

The various circuits used in this study are discussed in the next 
section of this paper. The oscilloscope was calibrated for vertical and 
horizontal deflections. 

6. List of Equipment 

Dual Beam Cathode Ray Oscillograph, Hewlett-Packard, Moael 1$0A 

Frequency Counter, Hewlett-Packard, Model 52iiA 

Oscillograph Record Camera, HuMont, Type 299 

Ammeter, Weston Electrical Instrument Co. Model 931 

Vacuum Tube Voltmeters, Hewlett-Packard, Model UlOB 

Phdtomultiplier Tubes, RCA 1P21, 1P22, 1P28 

Pho'tomultiplier Tube Power Supply, locally assembled 

Power Supply, lOOOV, Voltage Regulator, Kepco Labs, Model 12i>0B 

Power Supply, 1500V, General Electric, Type YPD-li 

Fore Pump, Central Scientific Co., Model HIV AC-7 

Diffusion Pump, 2 stage, air cooled. Consolidated Vacuum Corp, 

Type GF -2 5 A 

Pirani Gauge, Distillation Products Inc., Type PG-lA 
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Ionization Gau{;e, Consolidated Vacuum Corp., Type DPA-3& with VG-lA 
ion tube 

Induction Heater, Scientific Electric Co., Model AC-?-LB 
Decade Condenser, General Radio Co., T^/pe 219 -H 
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CHARACTERISTICS OF THE ANOMALOUS MODE 
1. General Observations 

The discharge tube was filled with argon to a pressure of 2 mm Hg and 
connected to a II 4 .OOV regulated power supply through a variable resistance 
of 3 megohms. The upper left electrode (Fig. 2) of zirconium was used as 
cathode and the lower right electrode of molybdenum as anode giving a dis- 
charge path of 62 cm. in length. Voltage across the tube and the output of 
the movable photomultiplier tube were displayed on a dual beam oscilloscope. 




FIGURE 5 

Circuit Diagram 

1 

The AC VTVM, shown in Fig. 5 had 11 megohm input impedance and pro- 
vided an output signal at low impedance which was proportional to the input 
signal. It was found that the oscilloscope (1 megohm input impedance), 

when connected directly to the anode, loaded the discharge tube to the 

1 

extent that oscillations in the anomalous mode could be sustained only at 
very low currents (O.ii to 0.5 ma.). Using the circuitry of Fig. 5 the 
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tube oscillated in the anomalous mode for all values of current between 
O.ii and 1«2 ina. This range of currents corresponded to a resistance range 
of 2,52 megohm to 0.8i>5 megohm. At higher currents the normal modes 
(moving striations) were observed. 

2, Voltage and Frequency Characteristics 

In the anomalous node with circuitry as shown in Fig. 5 and at a 
pressure of 2 mm Hg the voltage across the tube was very nearly sinusoidal 
with a modulation of about 50^. This a-c voltage and its percentage modu- 
lation are shown in Fig. 6 as a function of current. The percentage modu- 
lation was computed using the equation 

% Moo. = ^ f QQ 

The d-c voltage across the tube as measured by a DC VTVli decreased 
slowly with increasing d-c current as shown in Fig. 6 giving the tube a 
negative dynamic plate resistance. The instantaneous current through the 
tube was sinusoidal with the same percentage modulation as the voltage. 

The average current was read on a d-c ammeter. When operated in this 
region, the tube is not a passive circuit element but becomes an active 
ele/aent capable of supplying power to a load and supporting oscillations 
in a tuned circuit. Thus, in this region the tube may be classed as a 
negative resistance oscillator. 

The frequency of oscillation increased nearly 'linearly with current 
as shown in Fig. 7. Frequency stability appeared to be excellent and no 
hysteresis effect was noted, i.e. a particular frequency could be obtained 
at a given current by an approach froi.-. a lower or higher current. 



11 






i 




s 



r 



I 






The circuit resistance at any current is given Dy 

n — I ^ Q 0 ~ E df, 

3. Car^acitive Coupling 

The oscilloscope was coupled to the anode through a 200 capaci- 
tance with a 2000 jijif capacitance to ground vdth a measured insertion loss 
of 22. ii db as shown in Fig. 6. It was found that a resistance attenuator 
of less than 5 megohm input impedance quenched the oscillations. Peak 
to peak a-c voltage, percentage modulation, and d-c voltage across the 
tube are plotted in Fig. 9 as a function of d-c current. The tube again 
showed a negative dynamic resistance. Frequency was a linear function of 
d-c current as shovnu in Fig. 10. At d-c currents above 2.0 ma the normal 
modes (moving striations) appeared. 




FIGUHE 8 
Circuit Diagram 



iu. ptelaxation Oscillations 

It was observed that small additional capacitance in parallel with 
stray capacitance increased the period of the oscillations. The oscillo- 
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FIGURE 9 







FIGURE 10 
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score was decoupled from the tube with a ^0 megohm resistance and a 
variable capacitance to ground was connected as shovm in Fig. H. The 
stray capacitance to ground at the anode measured 1020 Signal attenu- 

ation through the $0 megohm resistor was 105:1. 
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FIGURE 11 
Circuit Diagram 



The frequency was measured with a counter as both R and C^ were varied. 
Frequency was plotted on Fig. 12 as a function of the product RC where C is 
the sum of the stray capacitance and the additional capacitance. The empiri- 
cal equation 

f = {Rcf 

fits the curve very well. For the conditions of operation shown in Fig. 11 

and with R in megohms, C in micro-microfarads, and f in cps: 

/ 

o< = yoo 
= -o. 

At very low values of RC, the voltage and the current waveforms were 
nearly sinusoidal. These waveforms degenerated as RC was increased with 
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the voltage taking a sav;tooth shape and the current becoming a shiarp pulse. 
The current pulse occurred at the time vrhen the voltage reached its maxi- 
mum value. The tube exhibited a negative dynamic resistance throughout the 
range o± RC and the tube operated as a relaxation oscillator except v;hen RC 
was very low. 

In a simple relaxation oscillator where the switching device can be 
assumed to operate instantaneously and to have zero resistance, the value of 
will be a constant determined by the circuit parameters and (3 >7111 



be - 1 . 

R 




Relaxation Oscillator 




Let e * instantaneous voltage at anode 

Ef* firing potential of switching device 
Eg* cut off potential of switching device 

The frequency of oscillation of the relaxation oscillator may be determined 
as follows : 




Solving the equation for T, 

T = RC JL( 

V Eu - Ef / 

and the frequency is 

f ^ . c<(Rcf 
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where 
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A"yxj f .^.Lk ~ ^ 

V 

Analysis of the circuit as a conventional relaxation oscillator 
yields values for frequency of about tvice that observed. GILL ['}>] re- 
ports that the period of these oscillations is a function of C+C where 
C is the usual circuit capacitance and C’ represents the effective self 

■i 

capacitance of the discharge. From another point of view, the net,ative 
dynamic resistance of the tube permits it to accbpt energy from the power 

supply during the charging of the external capacitance thus increasing 

\ 

its charging time. As a result the period of the oscillation is increased 
and the frequency is less than a conventipnal relaxation oscillator. 

The effective self capacitance of the tube will be much larger than 
the geometrical capacitance of the electrodes in air because the plasma 
has a high dielectric constant and the effective distance between the 
electrodes is reduced by the length of the positive column since the vol- 
tage gradient along the positive column is nearly zero. The‘^ positive 
column was observed to extend to about 0.$ cm from tlrie cathode and the 
cathode area was 5 cm . The capacitance is then: 

i 

C = o.oaas k (A/ji) 

C = 0.635 k ' 

where k is the dielectric constant of the plasma. In one calculation with 
the external capacitance equal to 2000 )ipf, the value of C’ was found to be 
2200 ^^f giving k a value' of 2.5 x 10^. 
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5. Voltage, Current, and Light Waveforn:. 

The range of the anomalous mode was extended to 25 ma d-c by the addi- 
tion of capacity from anode to ground. The argon pressure was raised to 20 
mm of Hg and the tube connected to 2500 volts as shown in Fig. 13. 




' • FIGUi£ 13 

Circuit Diagram 

Instantaneous tube, current was measured by displaying on the oscillo- 

I 

scope the voltage across the 50 ohm precision resistor. Straj circuit capaci- 
tance to ground at the anode as measured by a capacitance bridge was 70 
micromicrofarads. The value of the inserted capacitance was varied to yield 
values of fiC between 281; and l6i;0 microseconds. Under these conditions the 
dynamic resistance of the tube was minus 95>000 ohms. 

The sequence of oscillograms in Fig. 11; shows the voltage across the 

I 

tube, the current through the tube, and the photomultiplier output voltage 
for various values of RC. It was noted that the period, voltage amplitude, 
and peak current increased with increasing RC. These together with peak 
light intensity for 20 mm of Hg are p'lotted in Fig. 17. 

i The current oscillograms showed that tube conduction occurred for only 
a few microseconds each cycle with current peaks of several amperes while 

i 

f 
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RC 1.098 m« RC 1.370 as RC 1.6/»0 as 



FIGUKS 14 

A sequence show in/' the volt«^ (top) at 530 volts/ca« the 
current at 400 ata/ca, and the photoaniltlplier output voltage 
(bottoai) In arbitrary unite above reference lero at botton line. 
Reference xero current is botto* line. Ttae scale is 500 aicro- 
seconds/ca. treasure 20 as of Hg. 
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FIGURE 17 






lie A. 08 ms RC 5*90 ms 



FIGURE 15 



L^etalls of the afterglow on a lime scale of 500 
mlcro-secondo/cm, with the current superimposed for 
reference. Rote that the smaller liglit j>eak occurs 
earlier as the contricted discharge moves nearer the 
wall under the Influence of a roaf;netic fj.eld. Argon 
pressure 2.0 nu of Hg. 
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Current spike on a ti*e 
scale of 5 micro-seconds/c*. 
Amplitude scale IfiO ma/cm« 

2180 Micro-sec., 

Ebb ... 2500 Volts 
p 13.5 «■» of 



Oscillogram of light peak 
where the period is suffi- 
ciently long to permit com- 
plete decay} current on top 
trace for reference. Time 
scale is 500 micro-sec/cm. 

RC 2180 Kdcro-sec. 

Ebb ...• 2500 Volte 
p 8.3 I®* of Hg. 



Voltage at 530 V/cm, current 
at 500 ma/cm and light ref- 
erence zero at minus one cm. 
Time scale is 200 Micro-sec- 
onds per CTfl. 

RC 1370 Micro-sec. 

Ebb •— 2500 Volts 
p 11.8 o« of Hg. 



nCURS 16 

* and the .ifterglow. 

Details of current spike ana v 
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FIGURE 17 




the average tube current was only 20 ma. The width of the current piilse was 
about 10 microseconds. Integration under the pulse divided by the period 
gives an average value of current equal to the measured d-c value indicating 
that the current goes to zero between pulses. It was observed that the dis- 
charge constricted when the peak current was more than UOO ma so that it 
occupied only about 2 % of the cross sectional area of the tube. The Faraday 
dark space appeared to be very short when the discharge was constricted, with 
the positive column extending up to within 0.5 cm of the cathode which was 
covered by the negative glow. 

After the pulse of current, the light intensity bailt up rapidly to a 
maxinum and then decayed* The processes responsible for this 'waveform are 

discussed in Section IV# 

} 

i . ; 

If the period between current pulses is short, the decay process is not 

\ 

s 

completed between pulses And there will be cumulative ionization and excita- 
tion in the plasma. The piercentage modulation of the light may be taken as 
an index of the average decay constant of the discharge. The percentage 
modulation as a function of the {>eriod is plotted on Fig. lb for several 
values of pressure. These. curves are extrapolated to 100^ modulation to 

I 

yield a characteristic deca^ time for the discharge. In the range of pres- 
sures from 6 to 20 ram of Hg the time required for extinction of the after- 
glow increased linearily with increasing pressure as shown on Fig. 1C. This 
may indicate that diffusiori to the walls is one mechanism by which metastable 

atoms are removed from the 'plasma inasmuch as diffusion time increases 

✓ 

linearily with pressure. 

It was found that a constricted discharge was obtained at argon pres- 
sures greater than 6 mm of Hg as shown on Fig. 19. At lower pressures the 
discharge was diffuse and occupied nearly tue entire cross section of the 
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FIGURE 18 
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tube. The frequency of the oscillations at a constant RC product and 
decreased with increasing argon pressure as shown on Fig. 19. The vol- 
tage and current characteristics of the discnarge t^be in the range of 
pressures fror. 6 to 20 ram of Hg are plotted in Fig. 23. It is noted that 
the resistance of the discharge tube increases with increased argon 
pressure. 



I 



I 

I 



\ 






29 




30 










i 



IV 



STRUCTURE OF THE AFTERGLOW IN DECAYING GAS DISCHARGE PLASMA 
1, General 

It is now desirable to discuss those processes by which radiant energy 
in the visible spectrum is emitted, the processes leading to this emission, 
and then to relate quantitatively the results of this study to other re- 
ported studies. 

After removal of the applied field from a gaseous discharge plasma, 
the "abandoned" plasma evolves and decays. In the absence of further 
excitation the gas would eventually reach its original non-excited normal 
state determined by the d-c supply voltage and series resistance. The 
duration of this evolution depends upon the geometry of the gas container, 
the nature of the gas, gas pressure, and the conditions of excitation. 

[h] . Since the same gas, argon, and the same discharge tube were used 
throughout this study, dependence on these factors was accepted. Depend- 
ence on the conditions of excitation was amply demonstrated in the previ- 
ous section by the writers and is seen in Figs. Ih, 1$, and 16. 

DiAring excitation, the plasma stores energy gained from the applied 
field and this energy is recovered during the plasma decay. Kinetic 
energy is stored as thermal energy of electrons, positive ions, and nor- 
mal atoms; potential energy is stored by excited and raetastable atoms. It 
is therefore expected that the plasma could remain active for a short 
time, even after the means of excitation had been removed. For purposes 
of analysis, the afterglow period is divided into the early and late 
phases. 
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2. Early 4fter^^low Excitation and Decay- 

Due to high energy electrons produced in the early stages of plasma 
build up and possibly to the action of meta staples [bj % ionisation and 
excitation will continue for a while after the applied field is cut off. 
Continue! thermal ionization as electron temperature decreases, along 
with a reduction in the rate of removal of charges results in an increase 
in ion and electron density, A point in time is finally reached v/here 
the rate of ionization is just equal to the rate of removal of ions and 
electrons by recombination (a minor contribution at higher electron tem- 
peratures) and diffusion to the walls. This point represents the peak 
of the light intensity'- curve ’and, in agreement with theory is ob- 

served to occur about 100 microseconds after the peak current as seen in 
Figs. 14, 15, end 16. 

It is to be observed that light is at its miniri'un value for approxi- 
mately 3000 microseconds during v^hieV. time no r..oving striations are ob- 
served in the photograph. From measurements of moving striations in 
argon /!/, their velocities are from 100 to 400 meters per second. Hence 
if we take into account the anode-cathode distance, 62 cm,, and assuri- 
in? a striatiin velocity of 200 meters per second, the striation si'ouli 
travel fra- the cat*'oie to the anode in approximately 3.1 rr.s. Hut 
current is zero nuring this time and no travelling striation should be 
observed. 

Hlectrjr, temper:; tui*e decrease is iue to two j xo cesses; 

a. E1-* tic collision of electrons ►ith itons ir their round ststo. 

Tr:ela';tic collision oj electron; with m.etast-hlc atoms with re- 
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sultln,"; ca’.ul - live excitation. 

The electron te>. pcr .ture ir.uct be beloi; tV.e i onizatior rx>t r.ti ..i of 
tf-e atom for bot-h of these processes. Inelastic coilisi )n;> betxoeii elec- 
trons and excited oto:..s are rot considered since excite! ator.s n.-vo i near.- 
life only about 1U~ seconds. 

3. Late After^jlcw ,'ecay 

In the late afterglow phases, t*';e lecreasir.;; .iigl' t in.tensity ooser\';d 
rray be attributed to four primary processes wide! specto; r- p ic.ally pro- 
duce tot: n arc line .opeotra'^. -^r.d ■ conti.auu; . Rcconoinaiion cf elec- 

trons •-.nl ions accounts :for a lar;:e fraction of tlie arc lino inteniit^ 
alt oup. it -mourts to only's few perccr.t o*’ t . ' tot-1 I'adiotion ir.>r. the 
plasr-ito The inter. ie continutm', : c counting for most of the enittod rx..ia- 
tiai., is. furimirily .iue tc retaroatijn of electrons movin,- in oroit.'i about 
ions ("free-free" transitions) . The rate of Jocay of thi.s brerasstr -hluny 
riidiation dopends botii on the rate of decrease of pla/ima i.)n ien./ity '.rJ. 
f'‘e rate at which the ..lesn energy/ of the electrons is diiid.nishir.j [^J • 
Contrary to this, preli iinary reasure.nents by r.ooth :and Alters in.icate 
little or no contin.mm in the visible rerion, indicating this process 
plaj's no part. The third electron density decay process i.- by .iiffu.si.n'' 
to the walls. The fourth process is .me ta stable atom diffu.ii.>n wi.lch b - 
comes noticeably paranount at the end of the lator phase of leca.y. This 
process is nuantit' lively Jiscussed in the next section of v^hi.) ];apcr. 

4. lu.antit .tive Co.mparisons 

/ 

...u.antitativc coi.iparisons in t’lis stuly arc of nece^ .Ity very circum- 
spect iue to lacic of - nsans of measur-ir.g ion or electron d..rr.-ity directly. 
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Attempts made to use the spare zirconium electrode as a proce were com- 
pletely unsuccessful. 

The recombination process in plasmas is descrioed by 

ilk. - A/,/Ve = 



JL t 






where o<. is the recombination coefficient [l] . If and N 2 are the 
electron densities at times t]_ and t 2 » respectively, 






/V, 



= <=< 






Light intensity is related tp electron density by 



I = kN, 



where k is the proportionality constant. Thus 

{t;^ -ti) 



z X, 



_ _i_ = fg 
X T h 



Fig. 21 is a plot of this relation, assuming a value for o<. and measuring 
intensity as a function of time after end of discharge. From this infor- 
mation k can be determined and then electron density as a function of time. 
These values are shown in Fig. 22, the customary plot of l/N vs t. The 
slope of this curve is the assumed c< and is seen to be independent of 
pressure as was found ']oy Biondi and Brown /B/. Redfield and Holt (Vj 

I \ 

attribute the flattening out of curves similar to Fig. 21 to the fluor- 
escence effect of the quartz glass discharge tube, ' 

The electron density decay, when both ambipolar diffusion and re- 
combination are the bperating removal processes is 

I 






3h 




m 







where oC. is the recombination coefficient, the ambipolar diffusion 
coefficient, and Ng is the electron density as a function of space and 
tine. Hedfield and Holt [ij solved the equation as 



td. 

d, t 



0. /Vq f 






r 



by assuming that spatial distribution of electrons which did not perturb 
their solution. Biondi and Brown /d/ assumed a density of electrons 
equal to the average density and solved the equation as 



cL hit 

dt 



0 . 1 ] c < /\4 









a4 

z 



In both solutions Ng ■ const x exp (-tZ-jr ) where 'C is the time constant 
associated with an exponential decay of the electron density. From Fig. 
21 and the above equation a value of X was calculated. 

Other researchers in this field have determined values of o(^ by 
two separate techniques, probes and irdcrov;aves. Earlier work [^] using 
probe techniques after the cutoff of a direct current discharge gave 
values of about 2 x 10 cmV ion-sec for c?( , out with low probable 

accuracy owing to a number of uncertainties in the measurements, the 
nature of which are discussed in the original paper. Recent work /lOZ 
with the use of double probes rather than a single one for following 
plasma decays makes it clear that it is necessary to be very careful in 
the interpretation of single probe measurements after excitation has been 
removed. 

/ 

Two independent groups of researchers Zli,b7 using microwave tech- 
niques determined the value of the recombination coefficient at the rela- 
tively high pressures used in the present investigation to be about 
3 X 10~ cm /ion-sec. Bates j\\] proposed that in the monatomic rare 
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gases the electrons recombine with molecular ions rather than atomic ions 
and part of the available energy in the system of positive ions and elec- 
trons is used up in the dissociation of molecular ions. It has been shown 
that formation of molecular ions requires less energy than the formation 
of an atomic ion, 0.7 ev less for argon /?/, and that molecular ions are 
probaoly formed by a two stage process involving first excitation and 
then collision of the excited atom with a neutral atom, 

A + ^ A ^ 

4 A — ^ A^^ + 

The results of the experiments of Biondi lend very strong support to 

the validity of Bates' proposal, according to which the large recombina- 
tion coefficients (>~10”^) measured in monatomic rare gases are to be 
ascribed to thermal electron recombinations with molecular ions. Such 
recombinations are followed by dissociation of these molecules into atoms, 
of which at least one is in an excited state that decays with radiation, 
giving rise to the recombination afterglow. 

4 e~ ^ A + A 

> f\ + 

The writers accepted this later value as being the most accurate one 

determined to date most nearly fulfilling the conditions of geometry, 

mode of excitation, type of gas, and gas pressure used in this study. 

-7 3 

Thus with ct( assumed to be 3 x 10 cmVion-sec, ion densities of the 
9 / 3 

order of 10 /cm-^ and characteristic calculated decay tmes of the order 
of lO”^ seconds were obtained. Both values are in good agreement with 
reported values 
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V 



THh 3EC0NDARI LIGHT ?LM 



1. Theory of Origin. 

During the later part of the afterglow there appeared a snail in- 
crease in light intensity. This secondary light peak is oelieved due to 
diffusion of argon raetastable atons to the walls where they lose their 
excess energy by radiation. After excitation has ceased, metastable atons 
are reraoved from the discharge principally by collision with neutrals or 
diffusion to the walls, 

■» 

A collision with a neutral of sufficient energy will raise a metas- 
table atom to a radiative state from which it will go to the ground state 

D 

in about 10“ seconds. The velocity distribution of neutrals at the tem- 
perature of the discharge ( 300 °k) perirnts a few to have energies high 
enough to make the process very likely. The probability of the process 
has been estimated by Colli (\\J as one in 2 x 10^ impacts. According to 
Molnar , the collision cross section for metastable argon atoms is 
6.35 times that for neutral argon atons. The collision frequency of the 
raetastable atoms at 300°K and 11,8 ram of Hg is then 5.5 x 10® sec”^ and 
the mean life is 0,3G x 10“'^ seconds. 

The value of the diffusion constant for argon metastables at 1 mm 
pressure at 25°C is given by Loeb /1 5/ as t i; cra^/sec. At other pres- 



if the temperature is constant. The value of the diffusion constant so 



sures 




O 

computed is 3.8 craVsec at 11,8 mm of Hg. If it is ass’umed that raetas- 
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table atoms are formed in the dischart;e during the current pulse only and 
diffuse outi^ard, then at a radial distance r, the density of metastables 
at a time t is given by j\!oJ 



V\ 



a 



(jiTtoty/i 




where n^ is the number of metastables per unit volume at the center at tne 
end of the current pulse which is taken as the zero of time. However, the 
total number of metastable atoms is being reduced with time by collisions 
vri-th neutrals so that 

N ~ Nq r" 

where 

A/ = Vi V 

Therefore the fraction of the total number of metastables formed appearing 
at the wall is 

— — Z 

e ^ 

— \ 3 / C 



A/n.Q 

/Vo 



This function is zero at t ■ 0 and at t » oo and rises to a maximum at 






D 



2. Quantitative Comparisons. 

The distance from the constricted discharge to the wall of the tube 
was varied by the application of a small magnetic field. Since the re- 
quired magnetic field was very small it is believed that it nad a negli- 
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gible effect on the processes occurring in the discharge. The distance 
from the periphery of the discharge to the inside surface of the wall and 
the diair.eter of the discharge were measured vrith a cathometer. The dis- 



tance, ro, from the discharge to the wall was obtained as snown below, 
where lT-^| is one half the total area of the discharge. 



It was found that the time of arrival of the secondary’ light peak in- 
creased linearily with distance as saown on Fig. 23. 

Tne theoretical curve is essentially linear when 



corresponding to r^ equal to 0.1 cm at a pressure of 11.3 mm of Hg. Tne 



exj^erimental curve gives a fair fit v/ith the theoretical curve lending 
credence to tlie hypothesis that the secondary peak results from tlie col- 
lision of metastable atoms with the walls. The difference in slope may be 
due to the fact that the theoretical treatment is based on a constricted 
discharge of zero radius whereas the discharge radius vas actually 0.13 cm. 

If represents the time after the end of the current pulse at 

which the secondary light peak occurs then from above 
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where 



yi _ Z ^ Colllsions/metastable reiaoval 
Collision frequency 

The collision frequency is 

2 = cr V n 

^ =o.4^^/oV 3oo"K 

The diffusion constant U is 

D - D„ :^ = 

U Uo ^ ^ / 

For r^ equal to 0.3^ cm 



A plot of this function appears on Fi^;. 2u. The distance of the con- 
stricted discharge from the wall was set at 0,35 cm, as measured by a catP.- 
ometer, by application of a small magnetic field, and was measured on 

the oscilloscope. This procedure was repeated at several pressures be- 
tween 2 and 20 mm of Hg. Experimental values for plotted on Fig. 2U 

show that the theoretical treatment was essentially correct. 



VI 



CONCLUSIONS 



The anomalous mode in argon at pressures between 2 and 20 ram of Hg 
was found to have these characteristics; 

1. The frequency of oscillation is a function of the circuit RC 
product which decreases with increasing RC. It is a linear function of 
the average tube current. 

2. The voltage waveform degenerates from a sinusoid at very low RC 
products to a sawtooth throughout most of the range of RC. 

3. The discharge tube exhibited negative dynamic resistance through- 
out the anomalous mode. 

ii. The frequency decreased with increasing argon pressure. 

5. As the voltage waveform degenerated into a sawtooth, the current 
wave form becair.e a short pulse of great amplitude. Current pulses of 
about 10 microsecond duration and of several amperes amplitude were ob- 
tained at values of average current in the range of 0.5 to 25 railliamperes. 

6. Peak current amplitude and percentage modulation of the voltage 
across the tube increased with increasing RC product. 

The light intensity in the afterglow in an argon discharge increased 
to a maximum about 100 microseconds after the excitation was removed and 
then decayed. This 100 microsecond delay appeared to be invariant with 
change in any of the discharge parameters. The decay of the light appeared 
to follow those processes formulated by other investigators in this field. 
Identification of the separate processes is theorized only due to the lack 
of a means of measuring electron density directly as a function of time, 
with an assumed value of 3 x 10” cmvion-sec for the recombination coef- 

U5 
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ficient, electron densities of the order of 10^/cm'^ and characteristic 

calculated decay times of the order of lo”^ seconds were obtained, both 

in good agreement with re”'ortcd values C,,bj. 



A secondary/ light peak occurred during the later stages of light de- 
cay. It is believed that this phenomenon can be attributed to netastable 
recombination near the walls. Perhaps the electrons have "cooled'’ suffi- 
ciently in the time necessary for the metastables to diffuse to the walls 
so that this reaction can take place with a high probability in that 
region according to 
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